[1] We present an extended series of observations and more comprehensive analysis of a tracer-based measure of new production in the Sargasso Sea near Bermuda using the 3 He flux gauge technique. The estimated annually averaged nitrate flux of 0.84 ± 0.26 mol m À2 yr À1 constitutes only that nitrate physically transported to the euphotic zone, not nitrogen from biological sources (e.g., nitrogen fixation or zooplankton migration). We show that the flux estimate is quantitatively consistent with other observations, including decade timescale evolution of the 3 H + 3 He inventory in the main thermocline and export production estimates. However, we argue that the flux cannot be supplied in the long term by local diapycnal or isopycnal processes. These considerations lead us to propose a three-dimensional pathway whereby nutrients remineralized within the main thermocline are returned to the seasonally accessible layers within the subtropical gyre. We describe this mechanism, which we call ''the nutrient spiral,'' as a sequence of steps where (1) nutrient-rich thermocline waters are entrained into the Gulf Stream, (2) enhanced diapycnal mixing moves nutrients upward onto lighter densities, (3) detrainment and enhanced isopycnal mixing injects these waters into the seasonally accessible layer of the gyre recirculation region, and (4) the nutrients become available to biota via eddy heaving and wintertime convection. The spiral is closed when nutrients are utilized, exported, and then remineralized within the thermocline. We present evidence regarding the characteristics of the spiral and discuss some implications of its operation within the biogeochemical cycle of the subtropical ocean.
Introduction
[2] The oceans constitute the largest pool of relatively available carbon within the biogeosphere and have been implicated in the long-term regulation of atmospheric CO 2 , which, through its radiative properties, profoundly influences global climate. While the uptake of anthropogenic CO 2 is largely believed to occur by the solubility pump [e.g., Wallace, 2001] , the importance of the biological pump is that it plays a much longer term role in the regulation of atmospheric CO 2 levels and that it will be influenced by climate-induced changes in circulation and stratification [e.g., Sarmiento et al., 1998 ]. These changes, in turn, will feed back into the climate system through CO 2 release or drawdown. Moreover, concomitant ecological shifts in the food web will lead to further changes in oceanic biogeochemical cycles [e.g., Karl, 1999] .
[3] Of the global annual net primary production of $100 Pg C, around half is fixed within the marine biosphere [Field et al., 1998 ]. Since the marine biosphere is only $5 Pg C, it turns over the equivalent of its mass on approximately monthly timescales. Thus the cycling of carbon within the upper ocean biosphere occurs very rapidly compared with the decade to century timescales most relevant to global climate change. One can therefore argue that this net primary production cycle will not be a ratelimiting process for climate change. New production and export production, on the other hand, are controlled by processes characterized by longer timescales. In particular, the nutrient loop created by fixation, export, sinking, remineralization, and reflux back to the euphotic zone involves portions of the water column whose ventilation, circulation, and mixing occur on annual to decade to century timescales [e.g., Jenkins, 1988a Jenkins, , 1998 ].
[4] The oligotrophic ocean covers a large fraction of the ocean's surface area [e.g., Berger et al., 1987] and accounts for at least half of marine export production [e.g., Najjar and Keeling, 2000] . However, it appears that we do not as yet have a complete, quantitative, and mechanistic view of the cycling of nutrients within subtropical oligotrophic waters. Although attempts have been made to model the flux of nutrients to the oligotrophic euphotic zone [McGillicuddy and Robinson, 1997; McGillicuddy et al., 1998; Oschlies and Garçon, 1998; Oschlies et al., 2000; Williams and Follows, 1998 ], satisfactory agreement with the numerous estimates based on geochemical tracer techniques has not yet been achieved.
[5] This study is not intended as a comprehensive review of larger-scale, tracer-based estimates of oceanic productivity [see, e.g., Jenkins, 1995; Lipschultz et al., 2002] but rather is an attempt to quantify the physical input of nutrients using the ''flux gauge technique'' (FGT) and to highlight the implications regarding some of the other geochemical tracer-based estimates at a well-studied site in the oligotrophic North Atlantic. As a consequence of these considerations we propose a mechanism whereby remineralized nutrients are returned from the main thermocline to the seasonal layer of the North Atlantic subtropical gyre and ultimately to the euphotic zone, a pathway that we call ''the subtropical nutrient spiral.'' Aside from this introductory section, this study comprises four parts. In section 2 we outline, refine, and expand on a geochemical estimate of nitrate flux to the euphotic zone near Bermuda based on a 6-year time series of helium isotope measurements in the mixed layer. In section 3 we ask whether the estimated fluxes are consistent with other observations. In section 4 we propose a mechanism (the nutrient spiral) whereby this flux is supported. In section 5 we explore the ramifications of the nutrient spiral, especially in regard to other tracer-based estimates of new and export production in the subtropical gyre.
Flux Gauge Technique: A Measure of New Production
[6] Estimates of new production based on geochemical tracer mass budgets offer unique advantages over traditional methods. They average over relevant space scale and timescale processes that are both sporadic and patchy. They further have the attraction of not perturbing the systems being studied. On the negative side, such estimates are to some extent model-dependent and integrate over space scales and timescales in a manner characteristic of the particular tracer system used. They can quantify bulk rates but may not differentiate among potential mechanisms.
[7] We present here an approach to determining new production in the Sargasso Sea near Bermuda. We have chosen this locale as a test bed for our understanding of a classic seasonally oligotrophic system because it is a good example of a well-studied site. Moreover, the large-scale gyre circulation is such that the upstream trajectory fortuitously follows closely the zero net air-sea heat flux line (see Figure 1 ). Thus the kind of water column evolution associated with a strong net positive heat flux as modeled by Federiuk and Price [1984] and Woods and Barkmann [1986] is not in evidence. That is, the water column is in approximate thermal balance. Hence the Bermuda site at first appears suitable to the more or less one-dimensional mass balance considerations generally used.
[8] Our estimate is based on the 3 He flux gauge [Jenkins, 1988a] . The FGT exploits the fact that surface waters near Bermuda are generally supersaturated in 3 He. A subsurface, physically mediated flux of this isotope is required to support the air-sea gas exchange flux arising from this excess. Using the subsurface correlation of excess tritiugenic 3 He with nutrients leads to an estimate of the corresponding physical supply of nutrients to the euphotic zone. It is a measure of physically mediated new production since it establishes the physical flux of new nutrients (nitrate and phosphate) to the euphotic zone, but it does not include new production arising from biological sources, e.g., from nitrogen fixation. We are implicitly assuming that the processes responsible for transporting 3 He to the euphotic zone do not discriminate between 3 He and nutrients. Inasmuch as the mechanism must be physical to transport 3 He and since numerous studies of large-scale transport of passive tracers within the ocean consistently exhibit no such discrimination, such an assumption is wholly justified.
[9] The original FGT determination was based on a 2-year (1986 -1987) time series of helium isotope measurements in the ocean mixed layer near Bermuda [Jenkins, 1988b] . Here we extend this series to encompass a period of nearly 6 years and perform a more extensive analysis of the results. Figure 2 (top) depicts the mean mixed layer d 3 He, the helium isotope ratio anomaly relative to air, for 35 time series stations. The points represent the mean value for two or more samples measured in the mixed layer, and the error bars represent the statistical uncertainty associated with each determination. The scatter of individual measurements is on average somewhat larger than the analytical errors (the latter being $0.15% in d 3 He) due to natural variability within the mixed layer.
[10] The solubility equilibrium d
3
He for water and seawater has been measured with great accuracy in the laboratory [Benson and Krause, 1980] and has an average value of À1.66% for the temperature range of interest. However, air-sea gas exchange and bubble trapping are isotopically fractionating and can drive d 3 He away from this value [Fuchs et al., 1987; Jenkins, 1988b] . The direction and magnitude of this effect are governed by the relative contributions of complete versus partial bubble trapping to Figure 1 . Annual average air-sea heat flux, computed from the Southampton Oceanography Centre climatology [Josey et al., 1999] . The star indicates the Bermuda site. air entrainment. This, in turn, can be sensitively determined by the relative saturation anomalies of He (DHe) and Ne (DNe) in near-surface waters, largely because of the similar solubilities but greatly different molecular diffusivities of these two gases [Jenkins, 1988b] . The saturation anomaly is the percentage deviation from solubility equilibrium with air, for example,
where C* is the solubility equilibrium concentration. Using the correlation between saturation anomalies makes the calculation relatively insensitive to any systematic uncertainties in solubilities of these gases. Consideration of a number (182) of surface water He and Ne measurements in the subtropical North Atlantic yields a slope 1.07 ± 0.03 in DNe versus DHe. Comparison of this slope to that generated by a seasonal mixed layer gas exchange model driven by National Centers for Environmental Prediction (NCEP) reanalysis forcing for the period of 1980 -1990 that we have run for this purpose yields an estimated fraction of partial (versus complete) bubble trapping of 0.8 ± 0.1 (this ratio is slightly higher than previous estimates; see Jenkins [1988b] for a general description of this calculation). Using this proportion, we compute an elevation in the solubility equilibrium d 3 He of 0.06 ± 0.02% for the observed average surface water DHe of 2.6%. This offset is included in the calculation of the baseline d 3 He depicted by the green line in Figure 2 (top).
[11] In order to compute the air-sea 3 He flux we calculate the average gas exchange rate for each 3 He determination on the basis of 6-hourly NCEP reanalysis winds near Bermuda for a 2-week period preceding and following each observation using the recently proposed cubic gas exchange-wind speed relationship [Wanninkhof and McGillis, 1999] . Choice of the older quadratic relationship [Wanninkhof, 1992] He, an estimated uncertainty of 20% in the gas exchange rate, and random and systematic uncertainties associated with sampling, mass spectrometric measurement, and standardization.
[12] The record shows two significant features: a seasonal maximum in the winter and a trend to larger fluxes toward the end of the observation period. The former arises from the periodic mining of 3 He by deep winter convection, and the longer-term trend is due to deeper winter convection during the latter part of the time series. It must be remembered that the timing of the observed 3 He flux on a seasonal timescale is a reflection of the relationship between the mixed layer depth and the wind-driven gas exchange rate rather than the actual transport of 3 He (and hence nutrients) to the euphotic zone. That is, the 3 He flux to the atmosphere is highest when the mixed layer is deepest, but this 3 He may be partly or largely 3 He that has accumulated in the euphotic zone throughout the year. Unfortunately, we do not at present have sufficient data to resolve this subsurface seasonal buildup.
[13] The production of 3 He by the in situ decay of bomb tritium within the seasonal layer at Bermuda (i.e., 2.5 tritium unit (TU) average concentration over the decade in the upper 250 -300 m, which is ''accessed'' by wintertime convection) amounts to 0.4-0.5% m d À1 , which leaves a residual 3 He flux of 2.4 ± 0.7% m d À1 that must come from somewhere else. Below the seasonal layer the concentration of tritiugenic 3 He increases into the thermocline, reaching a maximum at a depth of 600 -700 m. This maximum arises from the accumulation of 3 He due to the decay of bomb tritium that has penetrated the thermocline. We argue that the flux of 3 He at the sea surface arises from the leakage of this isotope from the thermocline and that in fact this 3 He must come from significant depths: The annual integrated gas exchange flux of 3 He is equivalent to the average inventory of excess 3 He within at least the upper 350-400 m. It is likely that greater depths are involved in the supply of this flux because although there are temporal variations, this inventory does not disappear on an annual basis.
[14] Recognizing that there is a large-scale correlation of euphotic zone. We can arrive at this ratio in four possible ways: the vertical correlation of NO 3 and , Figure 3d ). It appears that regardless of whether we assume that the transport is by diapycnal or isopycnal mixing or by lateral advection, the flux ratio is within errors of the same value: 0.97 ± 0.06 mmol kg À1 %
À1
. Using this ratio combined with the requisite 3 He supply flux, we estimate an annual average nitrate flux to the euphotic zone of 0.84 ± 0.26 mol m À2 yr
.
Do the Fluxes Make Sense?
[15] It can be argued that the 3 He and nitrate fluxes estimated in section 2, although surprisingly large, are consistent with two other observations. First, the examination of the time evolution of the tritium plus 3 He inventory in the upper kilometer in the Sargasso Sea reveals a systematic decrease over the period 1974 -1989 equivalent to 220 ± 14 TU m yr À1 [Jenkins, 1998] , which corresponds to an average loss of 2.7 ± 0.2% m d À1 in 3 He from the thermocline over that time frame. Thus the euphotic zone flux could be supported by thermocline exhalation of bomb tritiugenic 3 He. In the absence of any other significant source of this isotope we must conclude that the observed flux of 3 He from the ocean surface at Bermuda must ultimately be supplied from the thermocline below. The pathway that this tracer takes is the subject of section 4.
[16] The second corroboration of this flux involves estimates of export production in the Sargasso Sea. It can be expected on the basis of mass balance arguments that on annual and longer timescales, export and new production should be closely matched. Estimates of export production at Bermuda have been made on the basis of seasonal oxygen cycling [Jenkins and Goldman, 1985] and aphotic zone oxygen utilization rates [Jenkins and Wallace, 1992] . Numerical integration of these aphotic zone oxygen consumption rates as a function of depth (between 100 and 2800 m) yields a net water column oxygen demand of 7.1 ± 1.4 mol m À2 yr À1 . Using the Redfield stoichiometry of ÀDO 2 :NO 3 = 10.6 ± 0.9 [Anderson and Sarmiento, 1994] or ÀDO 2 :N = 9.1 ± 0.5 [Hedges et al., 2002] would require a nitrate flux of 0.67 ± 0.14 or 0.78 ± 0.15 mol N m À2 yr
À1
, respectively. These export fluxes include a small contribution due to nitrogen fixation, which amounts to $0.07 mol N m À2 yr À1 [Gruber and Sarmiento, 1997] , so the nitrate fluxes are reduced to 0.60 ± 0.14 or 0.71 ± 0.15 mol N m À2 yr
, respectively. Both numbers are within errors of our FGT estimate.
[17] Thus, although the FGT estimate of nitrate flux seems large, there are two independent observations that yield consistent results. based on an inert gas isotope, ''sees'' only physical transport processes.
Nutrient Spiral
[18] We first explore and reject possible pathways for these fluxes. If the fluxes were supplied by diapycnal mixing, an extraordinarily large turbulent mixing coefficient (order 10 À3 m 2 s
À1
, obtained by dividing the observed vertical gradient in either tracer by the flux) would be needed [Jenkins, 1988b] . While such mixing rates are possible within or near the ocean surface layer, the requirement that the nutrients must come from at least the top of the main thermocline means that this requirement would be directly at variance with our knowledge of thermocline mixing rates, which are about 2 orders of magnitude lower [Garrett, 1979; Jenkins, 1980; Ledwell et al., 1993; Rooth and Ostlund, 1972] . Moreover, such a large mixing rate would do violence to upper ocean heat budgets. We have confirmed this by using a one-dimensional upper ocean model driven by 6-hourly NCEP reanalysis surface fields to simulate the seasonal cycle at Bermuda. Although the model adequately mimics the seasonal temperature and density structure over long periods, the model-simulated upward flux of 3 He from the thermocline is more than a factor of 20 too small. Increasing the 3 He flux can be achieved by raising the vertical mixing rate in the model, but even a modest change in mixing rate results in grossly unrealistic thermal and mixed layer depth behavior. The fact that such simple models, which apparently work so well in the upper ocean, might fail to explain the transport of materials through their lower boundaries is not unexpected [Large et al., 1994] and is a reflection of the fact that they are missing vital three-dimensional physics.
[19] The heat flux conflict could be mitigated by arguing that the transport of nutrients and [20] Other processes can be considered. Convergence of nutrients in the Ekman layer can result in modest fluxes near the gyre boundaries [Williams and Follows, 1998 ], but they fall far short of requirements in the interior. McGillicuddy and Robinson [1997] and McGillicuddy et al. [1998] have proposed an ''eddy rectification'' model whereby the uplift of nutrient-rich waters into the euphotic zone followed by a rapid utilization and subsequent lowering of nutrient-poor waters results in a net upward flux of nutrients. Calculations using a 0.1°resolution basin model achieve a flux that approaches what is required [McGillicuddy et al., 2003 ], but the calculations to date are incomplete in that they rely on an artificial nutrient-restoring term at depth to support the flux. The recharging of nutrients in the deeper layers depleted by the eddy-heaving mechanism must occur horizontally for reasons discussed at the beginning of this section. If isopycnal mixing were the only mechanism involved in recharge, this requires unrealistically high isopycnal mixing rates. Eddy rectification increases the depth over which 3 He and nutrients can be mined from the upper thermocline but does not fully relieve the local vertical flux problem because even this enhanced depth does not have sufficient local radioactive decay and remineralization rates to support the required 3 He and nutrient fluxes, respectively. [21] Moreover, it is unclear how such models will manage the 3 He flux, which differs from nutrients in a crucial way near the ocean surface layer: While nutrients are ''taken up'' in the model on arrival in the euphotic layer, 3 He must be lost by gas exchange from the mixed layer. This is evident in the ''kink'' in the 3 He:NO 3 relationship at low nutrient levels (i.e., near the surface) seen in Figure 3a . A flux of 3 He by the eddy-heaving mechanism ultimately requires diabatic processes to connect the ''heaved layer'' to the mixed layer. Evidence of a sea surface temperature signature associated with mesoscale eddies in the Sargasso Sea [Glover et al., 2002; McGillicuddy et al., 2001; McGillicuddy et al., 2003] indicates that water parcels are reaching the surface mixing layer, so this connection may indeed occur. However, further observations and numerical experimentation are required to explore the hypothesis.
[22] In summary, although the accumulation of nutrients within the thermocline due to remineralization fluxes must ultimately be balanced in the steady state by a corresponding back flux to the surface ocean, it is clear that local diapycnal or isopycnal exchange cannot support the bulk of this flux. Therefore we must turn to lateral advection. Building on ideas and observations by Csanady [1991, 1994] and Pelegri et al. [1996] , we postulate that the shallow nutrient cycle of the North Atlantic subtropical gyre is dominated by a so-called nutrient spiral, which can be characterized in the following manner (see Figure 4) : (1) Waters subducted into the main thermocline experience a buildup of nutrients at depth from the remineralization of export production within the gyre. (2) These waters are entrained into the Gulf Stream/western boundary current system [Pelegri and Csanady, 1991; Pelegri et al., 1996] . (3) There, enhanced diapycnal mixing [Pelegri and Csanady, 1994] repartitions a fraction of these nutrients onto density horizons that effectively mix and detrain [Young, 1984] into the gyre interior via the recirculation. (4) The nutrients become accessible to biota via wintertime convection into the seasonal layer and eddyheaving processes [e.g., see McGillicuddy et al., 1998 ].
[23] We can ask whether this hypothetical pathway makes quantitative sense in the following manner. The Gulf Stream has been shown to transport a total of $300 kmol s À1 nitrate at 24°N latitude [Pelegri and Csanady, 1991] . About a quarter of this transport ($50 kmol s
) occurs on isopycnals with density less than 26.5 and more than 25.6 kg m
À3
. At 36°N the total nitrate transport increases to >850 kmol s
À1
, with a transport in excess of 100 kmol s À1 occurring on the density range of interest [Pelegri and Csanady, 1991] . This nutrient transport convergence occurs in response to entrainment of nutrient-rich thermocline waters into the Gulf Stream [Pelegri and Csanady, 1991] . In the regions of high current shear (low Richardson number flow) and sharpened spatial gradients of the Gulf Stream, diapycnal mixing becomes large and important, fluxing nutrients between density classes and in particular from the nutrient-bearing thermocline waters to lighter density horizons [Pelegri and Csanady, 1994] . On the basis of data available at this time it is unclear what fraction of the nutrient flux convergence on the lighter isopycnals occurs as a result of diapycnal mixing versus horizontal convergence.
[24] Downstream and eastward from 36°N (as far east as 35°W) the total nutrient transport in the Gulf Stream decreases by >450 kmol s
, while the transport within the lighter isopycnals decreases by $100 kmol s À1 over a distance of $3000 km [Pelegri et al., 1996] . This results in an advective flux divergence of 0.15 and 0.033 mol m À1 s
for the total and ''seasonal layer'' isopycnals, respectively. The divergence is caused in large part by the detrainment of water from the boundary current and the splaying of streamlines associated with recirculation within the Sargasso Sea gyre, which can prove an effective mechanism for amplification of isopycnal mixing effects [Young, 1984] . If this advective flux divergence of nitrate were spread over a band 1000 km wide (i.e., the approximate latitudinal extent of the recirculation region of the Sargasso Sea), it would amount to an area mean nitrate injection into the thermocline of order 3.7 mol m À2 yr À1 (the deeper recirculation) and a net flux to the seasonal layer of $1 mol m À2 yr
. Since the bulk of the transport divergence of the Gulf Stream can be traced to a southward turn into the recirculation [Worthington, 1976] , it seems probable that the bulk of this divergence flows into the Sargasso Sea mode water formation regions and the rest of the gyre's seasonal layer.
[25] We can estimate this ''detrainment flux'' in the following way. The distribution of He ratio is uniform within the gyre (see Figure 3) , the above calculation means that the implied nitrate flux can also be supported by this mechanism. While admittedly crude, these calculations show that advective flux divergence within the Gulf Stream can readily support the fluxes required by the FGT observations and implied by the thermocline tritium-3 He evolution and export production estimates.
Character and Implications of the Nutrient Spiral
[26] The schematic circulation we envision here is a gyrescale upward spiral of thermocline remineralized nutrients, a fraction of which returns to advect around through the gyre within the main thermocline but a portion of which moves into the subtropical gyre seasonal layer to become available to the biota either directly within the euphotic zone or ultimately by winter convection or eddy heaving. The ''pitch'' of this spiral (i.e., the inverse of the average number of times a parcel of thermocline water circulates around the gyre before eventually mixing up to the seasonal layer) is linked in a crude way to the inverse of the effective Peclet number of these tracers within the thermocline. Examination of the North Atlantic thermocline tritium-3 He relationship [Jenkins, 1988b; Young, 1984] suggests that this number is of order 1, thanks to strong mixing associated with the boundary current. This is supported by additional observations: (1) Surface water of the North Atlantic subtropical gyre reached a peak tritium concentration of $18 TU [Dreisigacker and Roether, 1978] . (2) If a parcel of water subducted into the thermocline were to retain its identity over the subsequent 2 decades (between the mid1960s and mid-1980s), it would have a tritium concentration of $6 TU and a He observed within the subtropical gyre in the mid-1980s (based on thousands of observations) is $3TU [Jenkins, 1988b] . These observations support the idea that thermocline water subducted within the subtropical gyre is effectively mixed (i.e., the strongly diffusive limit in Young's terminology [Young, 1984] ) and outgassed on decade timescales (i.e., that the pitch of the subtropical nutrient spiral is order 1).
[27] The nutrient spiral that we describe here is distinct from the schematic ''figure eight'' circuit recently suggested by Williams and Follows [2003] . In that instance, they argue Figure 4 . Schematic of the subtropical nutrient spiral, showing the entrainment of nutrient-rich thermocline waters into the Gulf Stream/western boundary current system, diapycnal mixing of nutrients onto lighter isopycnals, and detrainment and splaying into the seasonally accessible layer within the Sargasso Sea.
for a downward nutrient spiral within the subtropical gyre (driven by downward Ekman pumping and remineralization) that couples to an upward spiral within the northern subpolar gyre (driven by upward Ekman pumping and deep winter convection). While such a process may in some way contribute to the net upward transport of remineralized nutrients, it seems to us that such a multistep process will be impeded by the requirement that the nutrient flux would have to cross the intergyre boundary twice. Moreover, both net air-sea heat flux and biological fixation processes within the subpolar gyre tend to move nutrients onto deeper isopycnals.
[28] The subtropical nutrient spiral thus appears to be a candidate mechanism for supplying nutrients (and 3 He) to those layers within the subtropical gyre that are accessed by wintertime convection and eddy heaving. That is, we argue that this three-dimensional gyre-scale transport is the pathway whereby the seasonal layer nutrients and 3 He are restored at some shallow depth in order to sustain the observed upward fluxes to the euphotic zone on annual and longer timescales. Therefore this mechanism would effectively control and regulate new production within the subtropical gyre on decade timescales.
[29] There is also an interesting implication regarding euphotic zone mass budgets that is related to the stoichiometry of new production and export remineralization. Since the proposed transport mechanism is purely advective/diffusive, passive tracers will be carried in their ''source proportions'' so that the arriving nutrients will be accompanied by corresponding amounts of oxygen debt (AOU) and remineralized excess dissolved inorganic carbon (DIC). Elemental ratios associated with the two processes are the same to a crude approximation [Laws, 1991] , so the new production stimulated by the arrival of these nutrients to the euphotic zone will produce just enough oxygen to cancel the oxygen debt and draw down enough inorganic carbon to negate the DIC excess. Since the timescale associated with nutrient uptake in the euphotic zone (normally a few days) is much less than for air-sea exchange of oxygen ($1 month) and CO 2 ($1 year), it seems unlikely that an associated oxygen debt or DIC excess could be ''neutralized'' prior to nutrient utilization. In other words, the impact of the nutrient spiral on new production may be more or less invisible from the viewpoint of euphotic zone oxygen and carbon budgets.
[30] Similar arguments may be applied to the eddyheaving mechanism proposed by McGillicuddy and Robinson [1997] in that nutrients raised from depths to the euphotic zone will have accompanying oxygen debt and excess DIC, which will approximately negate the resultant photosynthetic signature. What happens in practice, however, may be carbon fixation and remineralization (and oxygen production and consumption) in substantially ''non-Redfield'' ratios and possibly nonlocal biological transport. Figure 5 shows a sequence of profiles taken near Bermuda in mid-1986 during the passage of a mode water eddy. Note that the arrival of the mode water eddy (the red points and lines in Figure 5 ) is characterized by shoaling of the 19°C isotherm underlain by a much thicker mode water layer. At the base of the euphotic zone (between 50 and 100 m depth) we see elevated concentrations of 3 He, nitrate, and AOU compared with preceding stations (the blue points). The lower euphotic zone of the subsequent station (the cyan points in Figure 5 ), however, is characterized by zero nitrate, a smaller residual excess 3 He signature, and a pronounced oxygen excess (negative AOU). The first two features are characteristic of the difference in boundary conditions between these two tracers: Nitrate is consumed within the euphotic zone, whereas 3 He is lost only from the mixed layer. The accumulation of excess oxygen must arise from a substantial deviation from the Redfield stoichiometry or biologically mediated transport. Curiously, however, the AOU minimum (i.e., oxygen anomaly maximum) is most pronounced at $50 m, which is above where the nutrient injection appears most strongly.
[31] These substantial deviations from the Redfield stoichiometry can be used to explain the existence of the pronounced summertime euphotic zone cycles discussed and modeled by many researchers [Bates et al., 1996; Craig and Hayward, 1987; Emerson et al., 1995; Gruber et al., 1998; Jenkins and Goldman, 1985; Michaels et al., 1994; Shulenberger and Reid, 1981; Spitzer and Jenkins, 1989 ], but these features may be a more modest signal driven by the anomalous stoichiometry of a possibly larger material turnover. Moreover, the strong horizontal flux divergence observed at the tip of the spiral calls into question the fundamentally one-dimensional character of those calculations. The kind of carbon cycle imbalance described by Michaels et al. [1994] still remains an unresolved puzzle and may, in fact, be exacerbated by the additional lateral fluxes implied by the FGT measurements and the nutrient spiral. The lateral advective flux convergence of DIC implied by the 3 He and nitrate calculations that we have ), and temperature (in°C) for a sequence of stations near Bermuda in the spring and summer of 1986. The red points correspond to the passage of a mode water eddy, and the blue and cyan points correspond to the preceding and following stations, respectively. done here suggests an awkward perturbation to the carbon budget that Michaels et al. [1994] attempt to close. If we assume Redfield stoichiometry [Anderson and Sarmiento, 1994] holds, there would be a lateral flux convergence exceeding 7 mol m À2 yr À1 for excess DIC, substantially distorting the budget calculations of Michaels et al. [1994] .
[32] A final point of concern involves the question of the extent of the physical domain inherent in the new and export production calculations. By definition, the FGT and nutrient spiral calculations performed here draw the boundary for ''new'' nutrients at the base of the seasonal layer ($250 m). These calculations do not account for those nutrients that may be rapidly remineralized in the $150 m water column that spans the area between the base of the euphotic zone and the base of the seasonal layer. In contrast, estimates of export production based on the vertical integration of aphotic zone oxygen utilization rates include this layer. Moreover, oxygen utilization rates are highest in this zone, so the distinction would seem critically important. However, it should be borne in mind that the oxygen utilization rates based on transient tracer invasion calculations are characterized by multiyear to decade timescales, and hence any remineralization, reflux, and fixation occurring on seasonal timescales would be ''invisible'' in the budget. That is, the intensive recycling of nutrients in the seasonally convected aphotic zone would not appear in the export production estimate. Put another way, one can think in terms of two ''new production'' loops, one long-term loop (the nutrient spiral) dominated by the large-scale circulation of the gyre and characterized by Redfield stoichiometry, and another shortterm seasonal loop (within the seasonal layer) characterized by non-Redfield stoichiometry driven by extreme oligotrophy and rapid shallow remineralization [Anderson and Pondhaven, 2003] . Indeed, the vertical structure of C:N ratios reflects the imprint of the latter, showing substantial deviations down to the base of the seasonal layer.
[33] In summary, we have described an important and perhaps dominant pathway whereby inorganic nutrients that are remineralized within the main thermocline are returned to the ocean surface. The mechanics of this process clearly differ from the local one-dimensional exchange budgets traditionally used. This has significant implications regarding how one would model the biological response of the subtropical ocean gyres to changes in climatic forcing. Rather than responding in a simple way to changes in vertical stratification [e.g., see Gnanadesikan et al., 2002; Sarmiento et al., 1998 ], the efficiency of the biological pump may be directly controlled by processes such as westward intensification, buoyancy flux, and wind stress [e.g., Luyten and Stommel, 1986] .
